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Abstract 


We  present  a  survey  of  the  available  literature  on  the  loss  in  rate 
capability  of  LiMn204-based  lithium-ion  batteries.  Manganese 
dissolution  is  identified  as  the  main  cause  of  rate  capability  loss,  as 
well  as  loss  in  capacity  during  storage.  Manganese  dissolution 
results  in  passivation  of  both  the  cathode  and  anode,  structural 
changes  at  the  spinel  surface,  and  loss  in  particle  contact. 
Manganese  dissolution  can  be  reduced  by  surface  treatments, 
increased  electrolyte  stability,  and  removal  of  acidic  protons  from 
the  electrolyte. 
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1.  Introduction 


LiMn204  spinel  has  been  one  of  the  most  widely  studied  cathode  materi¬ 
als  for  use  in  lithium-ion  batteries  in  recent  years  [1-3].  The  current 
generation  of  lithium-ion  batteries  uses  LiCo02  cathodes  and  various 
forms  of  carbon  as  anodes.  LiCo02  is  the  only  cathode  material  in  wide 
commercial  use  today.  The  high  cost  of  cobalt  led  to  the  study  of  alterna¬ 
tive  materials,  and  LiMn204  is  now  seen  as  an  excellent  replacement 
because  of  its  low  cost  and  ease  of  preparation. 

LiMn204  spinel  has  not  been  commercialized  to  date  because  of  its  poor 
cycling  performance  and  poor  storage  at  elevated  temperature.  The  poor 
performance  has  been  linked  to  several  problems,  including  electrolyte 
oxidation,  manganese  dissolution,  and  distortion  of  the  crystal  lattice  due 
to  the  Jahn-Teller  effect  on  deep  discharge. 

In  this  report,  we  summarize  the  available  literature  and  detail  the  rem¬ 
edies  suggested  to  improve  LiMn204  performance.  We  give  evidence  that 
links  poor  storage  and  cycling  performance  to  a  loss  in  rate  capability  of 
the  spinel. 
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2.  LiMn204  Background 

2.1  Structure 

The  structure  of  LiMn204  is  that  of  a  cubic  spinel  of  space  group  Fd3m. 
The  structure  consists  of  a  cubic,  close-packed  oxygen  array  with  the 
oxygen  anions  on  the  32e  sites  of  the  Fd3m  space  group,  with  Mn+3  and 
Mn+4  ions  occupying  the  16 d  octahedral  positions,  and  Li+  occupying  the 
8a  tetrahedral  sites  [4].  The  Mn204  network  defines  a  three-dimensional 
(3-D)  space  for  lithium  ion  diffusion.  Empty  tetrahedral  (8a)  and  octahe¬ 
dral  (16c)  sites  that  share  faces  create  a  3-D  tunnel  structure  that  allows 
lithium  ions  to  move  easily  through  the  structure. 

2.2  Preparation 

Wickham  and  Croft  first  described  the  preparation  of  LiMn204  spinel  in 
1958  [5].  LiMn204  is  most  often  prepared  by  intimate  mixing  of  Mn02 
and  Li2C03  in  a  high  intensity  mixer  or  ball  mill.  The  powder  is  then 
heated  at  790  to  800  °C  for  several  hours.  Repeated  grinding  with  subse¬ 
quent  heating  at  790  to  800  °C  improves  crystallinity  and  helps  complete 
the  reaction.  The  bluish-black  powder  can  be  formulated  as 
Li+Mn+3Mn+404.  LiMn204  spinel  has  also  been  prepared  by  sol-gel 
techniques  [6]  at  temperature  T  <  400  °C,  by  the  Pechini  process  [7]  and 
by  reactive  electron-beam  evaporation  [8]. 

The  material  properties  and  preparation  conditions  have  a  strong  influ¬ 
ence  on  spinel  performance.  Grain  size  [1],  crystallinity  [6,9,10],  oxygen 
content  [11,12],  defect  structure  [13],  stoichiometry  [14],  firing  tempera¬ 
ture  [1,12],  cooling  rate  [12],  and  oxygen  partial  pressure  [15,16]  have  all 
been  shown  to  affect  cycling  performance  and  the  capacity  of  this 
material. 

2.3  3-  and  4-V  Discharge  Regions 

Hunter  [17]  first  described  the  chemical  extraction  of  lithium  from 
LiMn204  spinel  using  acid  treatment.  The  material  formed  by  lithium 
extraction,  A-Mn02,  is  simply  the  spinel  framework  void  of  lithium: 

2LiMn204  LizO  +  3A-Mn02  +  MnO  . 

Thackeray  et  al  [3]  first  described  the  electrochemical  extraction  of  lithium 
from  LiMn204  in  1-M  LiBF4/ propylene  carbonate  electrolyte  to  form 
A-Mn02.  This  extraction  takes  place  at  4  V  versus  lithium  and  involves 
the  removal  of  lithium  ions  from  tetrahedral  sites: 

LiMn204  ->  2A-Mn02  +  Li+  +  e~  .  4  V  vs  Li° 

The  maximum  theoretical  charge  capacity  over  the  4-V  plateau  is 
148  mAh/g,  with  capacities  of  125  mAh/g  typically  realized. 
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Thackeray  et  al  [18]  also  described  the  insertion  of  lithium  at  3  V  into 
LiMn204  in  1-M  LiBF4/propylene  carbonate  electrolyte: 

LiMn204  +  Li+  +  e~  -»  Li2Mn204  .  3  V  vs  Li° 

The  maximum  theoretical  discharge  capacity  over  the  3-V  plateau  is 
148  mAh/g. 

Ohzuku  et  al  [2]  described  in  detail  the  phase  changes  that  occur  as 
A-Mn02  is  lithiated,  first  to  LiMn204  and  then  to  Li2Mn204: 

1.  From  0  <  x  <  0.6  in  LivMn204,  two  cubic  phases  with  lattice  constants 

ac  =  8.045  A  and  ac  =  8.142  A  coexist,  and  a  constant  open-circuit  voltage 
of  4.110  V  is  observed. 

2.  From  0.6  <  x  <  1.0  in  LiAMn204,  a  single  homogeneous  phase  exists,  with 
a  continuous  lattice  expansion  from  ac  =  8.142  A  to  ac  =  8.239  A.  The  open- 
circuit  voltage  is  S-shaped,  with  a  midpoint  of  3.94  V. 

3.  From  1.0  <  x  <  2.0  in  LivMn204,  cubic  and  tetragonal  phases  coexist,  and  a 
constant  open-circuit  voltage  of  2.957  V  is  observed.  The  cubic  phase  is 
Li4  0Mn2O4  with  ac  =  8.239  A,  while  the  tetragonal  phase  is  Li2  0Mn2O4 
with  aT  =  5.649  A  and  cT  =  9.253  A.  The  cubic-to-tetragonal  phase  transi¬ 
tion  occurs  as  a  result  of  the  Jahn-Teller  distortion  when  more  than  half  of 
the  manganese  is  in  the  Mn+3  state. 

Cycling  lithium  over  both  the  3-  and  4-V  plateaus  results  in  severe  capac¬ 
ity  fade  due  to  destruction  of  the  crystal  lattice  from  Jahn-Teller  distor¬ 
tion,  which  occurs  when  Mn+4  is  reduced  to  Mn+3. 

2.4  Capacity  Fade 

Stoichiometric  LiMn204  has  been  found  to  have  a  slight  capacity  fade  on 
cycling  [11].  Possible  causes  of  this  observed  behavior  are  [14] 

•  electrolyte  oxidation  at  high  voltage, 

•  dissolution  of  manganese,  according  to  the  reaction  2Mn+3  — ■>  Mn+2 
+  Mn+4,  or 

•  destruction  of  the  lattice  due  to  Jahn-Teller  distortion  on  discharge. 

Gao  et  al  [19]  demonstrated  that  capacity  fading  could  be  correlated  to 
growth  of  a  3.3-V  peak  in  the  discharge  curve  of  the  spinel.  Gao  had 
previously  demonstrated  that  this  3.3-V  peak  was  attributable  to  oxygen 
deficiency  in  the  spinel  [16].  The  growth  of  this  3.3-V  peak  was  accentu¬ 
ated  by  charging  the  electrode  to  high  voltages.  Gao  et  al  proposed  a 
mechanism  that  involved  the  oxidation  of  electrolyte  with  simultaneous 
loss  of  oxygen  from  the  spinel  that  could  account  for  this  behavior: 

El  — >  (oxidized  El)+  +  e~  (1) 

Li[/Mn204  +  28e~  — >  LiyMn204_(5  +  S02~  (2) 

LiyMn204  +  2<5E1  — >  LiyMn204(5  +  ^(oxidized  E1)?0  (3) 
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This  reaction  occurs  at  the  surface  of  the  spinel  particle.  Capacity  fading 
from  this  mechanism  results  from  structural  damage  to  the  surface  of  the 
spinel  particle  and  electrolyte  oxidation. 

Jang  et  al  [20,21]  measured  capacity  fade  and  the  dissolution  of  manga¬ 
nese  and  lithium  as  a  function  of  applied  potential,  carbon  content  in  the 
cathode,  and  electrolyte  formulation.  They  demonstrated  that  manganese 
dissolution  increased  with  cathode  voltage  and  with  cathode  carbon 
content.  Using  various  combinations  of  solvents  and  salts,  Jang  et  al 
showed  that  manganese  dissolution  correlated  directly  with  the  ease  of 
electrolyte  oxidation  and  proton  generation  from  that  oxidation.  An 
interesting  experiment  was  conducted  where  a  spinel  electrode  was  left  at 
open-circuit,  while  a  nearby  carbon  electrode  was  held  at  4.2  V.  This 
experiment  resulted  in  manganese  dissolution  at  the  open-circuit  spinel 
electrode.  Jang  et  al  suggested  that  manganese  and  lithium  dissolution 
results  from  acid  attack.  This  acid  is  produced  by  oxidation  of  electrolyte 
solvents  at  the  cathode  surface,  with  additional  acids  being  generated  by 
decomposition  of  electrolyte  salts  from  water  contamination.  The  acid 
attack  leads  to  the  formation  (at  the  surface  of  the  spinel  particle)  of  a 
defect  spinel  deficient  in  either  manganese  or  lithium.  Further  acid  attack 
destabilizes  the  lattice  such  that  oxygen  ions  are  depleted  from  the  lattice. 
Jang  et  al  reported  that  capacity  fade  resulted  from  two  factors:  manga¬ 
nese  dissolution  or  capacity  loss  from  cathode  polarization.  (Capacity  loss 
was  said  to  result  from  increased  contact  resistance  between  spinel  and 
carbon  particles.)  The  mechanism  for  manganese  or  lithium  dissolution 
via  acid  attack  was  not  specified. 

It  has  been  demonstrated  that  the  cycling  stability  of  LiMn204  can  be 
improved  by  doping  the  spinel  with  small  levels  of  excess  lithium,  mag¬ 
nesium,  or  zinc  [22,14].  Li1+YMn2_/)4,  where  x  >  0,  shows  increased 
cycling  stability  versus  the  stoichiometric  material.  The  excess  lithium 
ions  are  said  to  occupy  manganese  sites  in  the  spinel  structure  [12].  The 
increase  in  stability  is  attributed  to  relief  of  effects  from  the  Jahn-Teller 
distortion,  as  increased  lithium  content  raises  the  mean  oxidation  state  of 
manganese  above  3.5.  However,  the  doping  of  cations  into  the  spinel 
lattice  has  the  detrimental  effect  of  decreasing  capacity. 

The  cycling  stability  is  also  improved  by  cooling  the  spinel  during  synthe¬ 
sis  from  800  to  500  °C  at  a  rate  not  greater  than  10  °C  per  hour  [22].  This 
cooling  rate  ensures  that  the  spinel  is  fully  oxygenated  and  that,  again, 
the  average  manganese  valance  is  above  3.5. 

Self-Discharge  in  Storage 

LiMn204  has  been  found  to  have  a  significant  self-discharge  in  storage  at 
both  room  and  elevated  temperatures  [23-25].  Suggested  explanations  for 
the  self-discharge  include 


•  electrolyte  oxidation  caused  by  high-surface-area  materials  in  the  cath¬ 
ode,  resulting  in  both  irreversible  and  reversible  capacity  loss,  and 

•  manganese  dissolution  at  high  voltage,  leading  to  irreversible  capacity 
loss  due  to  structural  degradation. 

Guyomard  et  al  [24]  investigated  self-discharge  in  the  LivMn204/ carbon 
system  in  both  1-M  LiC104  1:1  v/v  (volume  to  volume)  ethylene  carbon¬ 
ate  (EC):diethoxyethane  (DEE)  and  1-M  LiPF6  1:2  v/v  EC:dimethyl 
carbonate  (DMC)  electrolytes.  Reversible  self-discharge  was  measured  as 
a  function  of  carbon  loading  in  the  cathode  at  up  to  5  V.  Guyomard  et  al 
concluded  that  this  self-discharge  resulted  from  the  oxidation  of  electro¬ 
lyte  and  subsequent  lithium  intercalation  into  the  delithiated  spinel. 
Electrolyte  oxidation  scaled  with  carbon  loading,  so  the  researchers 
concluded  that  solvent  oxidation  occurred  mainly  on  the  carbon  additive 
in  the  cathode,  and  that  self-discharge  could  be  limited  by  reducing  the 
carbon  loading  to  the  minimum  needed  for  reasonable  electrode  conduc¬ 
tivity.  Irreversible  capacity  loss  was  not  addressed. 

Amatucci  et  al  [25]  studied  the  effects  of  a  host  of  material  properties  on 
spinel  self-discharge  in  the  charged  state.  The  material  properties  studied 
included  morphology,  defects,  surface  area,  structural  instability,  single 
versus  two-phase  lithium-insertion  processes,  cation  and  oxygen  stoichi¬ 
ometry,  and  manganese  solubility.  The  material  property  determined  to 
have  the  largest  effect  on  capacity  loss,  both  reversible  and  irreversible, 
was  spinel  surface  area.  Increasing  surface  area  from  0.6  to  3.5  m2/g 
increased  both  reversible  and  irreversible  capacity  loss  by  a  factor  of 
three.  Increased  spinel  surface  area  was  also  shown  to  scale  with  manga¬ 
nese  dissolution.  A  specific  mechanism  was  not  proposed  to  account  for 
the  observed  self-discharge,  although  electrolyte  oxidation  and  manga¬ 
nese  dissolution  were  noted  as  being  clearly  related  to  the  phenomenon. 

Blyr  et  al  [26]  investigated  self-discharge  in  the  LiMn204/l-M  LiPF6  in  2:1 
v/v  EC:DMC/ carbon  system  in  the  discharged  state.  Three  electrode 
measurements  were  used  to  determine  the  source  of  poor  self-discharge 
characteristics.  Storage  of  Swagelok™-type  cells  in  the  discharged  state  at 
55  °C  demonstrated  losses  in  cell  capacity  of  as  high  as  20  percent  per 
week.  Storage  of  Bellcore  PliON™  cells  in  the  discharged  state  at  55  °C 
led  to  losses  in  cell  capacity  of  as  high  as  15  percent  per  week.  Blyr  et  al 
concluded  that  self-discharge  was  caused  by  several  factors: 

•  Self-discharge  at  the  anode  as  the  result  of  solid  electrolyte  interface 
growth. 

•  Self-discharge  at  the  anode  from  the  reduction  of  soluble  manganese. 

•  Self-discharge  at  the  cathode  via  a  cation  exchange  reaction  between 
manganese  and  lithium  that  results  in  manganese  dissolution. 
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3.  Loss  of  Rate  Capability 

3.1  During  Cycling 

Jang  et  al  [20]  investigated  manganese  dissolution  and  impedance  growth 
in  Li°/1-M  LiC104  in  1:1  POdimethoxyethane  (DME)/Li1  0Mn2O4  cells  as 
a  function  of  carbon  loading,  heat  treatment  temperature,  and  cathode 
potential.  Cathodes  were  prepared  by  mixing  spinel  powders  with  acety¬ 
lene  black  (Vulcan  XC-72)  and  Teflon  binder  at  various  percentages.  The 
mixtures  were  dispersed  in  isopropyl  alcohol  and  pasted  onto  Exmet 
screen,  pressed,  and  dried  at  120  °C  for  3  hr.  Cells  were  cycled  from  3.6  to 
4.3  V  at  1  mA/cm2.  Discharge  curves  and  impedance  spectra  were  taken 
as  a  function  of  cycle  number  for  21-,  30-,  and  37-percent  carbon-loaded 
electrodes. 

Manganese  dissolution  was  higher  with  increased  carbon  loading  in  the 
cathode.  Lower  surface  area  spinels  prepared  at  800  °C  showed  less 
manganese  dissolution  than  higher  surface  area  materials  calcined  at 
600  °C.  Holding  the  cathode  at  higher  potentials  increased  dissolution. 
Holding  a  carbon  electrode  at  4.2  V  in  the  near  vicinity  of  an  open-circuit 
spinel  electrode  increased  dissolution.  Jang  et  al  proposed  that  manga¬ 
nese  dissolution  is  induced  by  some  intermediate  generated  by  electro¬ 
chemical  oxidation  of  electrolyte  on  carbon  particle  surfaces. 

Plots  of  discharge  capacity  versus  carbon  loading  demonstrated  that 
increased  carbon  loading  leads  to  better  cell  capacity  and  better  rate 
capability.  Cell  polarization  was  obvious  from  the  charge  and  discharge 
curves  for  the  21-percent  carbon-loaded  cathode,  while  polarization  in  the 
37-percent  carbon-loaded  cathode  was  not  noticeable.  The  ac  impedance 
spectra  taken  at  0,  20, 31,  and  40  cycles  determined  that  both  Rcontact  (the 
resistance  between  the  spinel  particles  and  the  carbon  conductor)  and  Rel 
(the  resistance  for  electrode  reactions)  grew  as  a  function  of  cycle  number, 
with  the  higher  loaded  cathodes  growing  less. 

Jang  et  al  proposed  a  mechanism  to  explain  the  rate  capability/ capacity 
loss  data.  Manganese  dissolution  can  have  two  effects  on  the  cell: 

1.  Loss  in  rate  capability  caused  by  loss  in  contact  between  spinel  particles 
and  the  carbon  conductor  as  the  spinel  dissolves.  This  is  most  severe  in 
cathodes  with  lower  carbon  contents. 

2.  Loss  in  capacity  caused  by  loss  in  active  manganese.  This  effect  is  most 
noticeable  in  cathodes  with  higher  carbon  contents. 

No  specific  chemical  pathway  was  proposed  for  manganese  dissolution, 
although  the  disproportionation  reaction 

2Mn+3  Mn+2  +  Mn+4 

was  ruled  out  because  dissolution  was  found  to  take  place  predominantly 
at  the  end  of  charge,  when  Mn+3  concentration  is  minimal. 
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Jang  et  al  [21]  extended  the  investigation  of  manganese  dissolution  and 
impedance  growth  in  Li°/Li1  0Mn2O4  cells,  discussed  in  section  3.1,  to 
include  the  effects  of  electrolyte  formulation.  Cells  were  constructed  with 
the  same  techniques  discussed  above.  Various  electrolyte  solvent  systems 
and  salts  were  tested  with  spinel  cathodes  under  continuous  cycling 
conditions,  under  open  circuit  and  during  float  charge  at  4.2  V.  Cells  were 
cycled  from  3.6  to  4.3  V  at  1  mA/ cm2. 

Manganese  dissolution  was  clearly  related  to  electrolyte  formulation. 
Several  factors  governed  how  the  spinel  performed  in  the  presence  of 
different  electrolytes. 

The  first  relationship  that  emerged  was  between  electrolyte  oxidation 
potential  on  a  carbon  electrode  and  the  concentration  of  manganese  in 
solution  as  a  spinel  electrode  was  cycled.  Electrolytes  that  oxidized  at 
lower  potentials  gave  rise  to  larger  manganese  dissolution.  Proton- 
selective  membrane  glass  electrode  measurements  in  electrolytes  with  a 
4.2-V  polarized  (vs  Li/Li+)  carbon  electrode  demonstrated  that  proton 
generation  scaled  with  ease  of  electrolyte  oxidation  and  with  manganese 
dissolution.  The  LiC104  electrolytes  tested  showed  proton  generation  and 
manganese  dissolution  in  the  order 

PC:THF  >  PC:DME  >  ECDEC  >  PC:DEC  . 

The  second  relationship  demonstrated  was  the  effect  of  electrolyte  salt  on 
manganese  dissolution.  Proton  concentration  measured  with  a 
proton-selective  membrane  glass  electrode  demonstrated  that  in  fresh 
PC/DME  electrolytes,  without  the  influence  of  a  polarized  carbon  elec¬ 
trode,  the  proton  concentration  ordered  as 

LiPF6  >  LiBF4  >  LiAsF6  >  LiC104  >  LiCF3S03 , 

with  manganese  dissolution  following  the  same  trend.  This  effect  is  the 
result  of  water  and  hydrofluoric  acid  (HF)  contamination  in  the  salts  as 
received,  with  the  LiPF6  and  LiBF4  salts  having  the  highest  water  and  HF 
concentrations  when  received.  When  a  carbon  electrode  was  charged  to 
4.2  V  in  the  presence  of  each  electrolyte,  the  protons  generated  from 
electrolyte  oxidation  showed  the  following  trend: 

LiCF3S03  >  LiC104  >  LiAsF6  >  LiBF4  >  LiPF6  . 

This  same  trend  was  found  when  the  solvent  oxidation  was  measured 
under  stepped  potential  at  4.2  V  with  a  carbon  electrode.  When  both  the 
trend  of  water  and  HF  contamination  in  fresh  electrolyte  and  the  ease  of 
oxidation  as  a  function  of  electrolyte  formulation  were  coupled,  the  extent 
of  manganese  dissolution  followed  the  trend 

LiCF3S03  >  LiPF6>  LiC104  >  LiAsF6  >  LiBF4  . 

The  LiPF6  electrolyte  deviated  from  the  measurements  of  proton  concen¬ 
tration,  demonstrating  greater  manganese  dissolution  than  expected.  This 
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is  explained  by  the  ease  with  which  this  salt  reacted  with  water  from  the 
following  reaction: 

LiPF6  +  H20  -»  2HF  +  LiF  +  POF3  . 

The  conclusion  of  this  report  is  that  manganese  dissolution  has  a  direct 
effect  on  rate  capability,  since  dissolution  inevitably  leads  to  a  loss  in 
contact  between  the  carbon  added  for  conductivity  and  the  spinel. 

After  Storage  in  the  Discharged  State 

Blyr  et  al  [26]  measured  the  potential  distribution  through  Bellcore 
PliON™  plastic  lithium-ion  cells  to  determine  the  source  of  poor  electro¬ 
chemical  performance  at  elevated  temperatures.  Three-  and  four- 
electrode  cells  were  used  to  monitor  state  of  charge,  polarization,  and  rate 
capability  in  both  the  anode  and  cathode  under  various  conditions. 

Cells  were  built  with  spinels  of  nominal  composition  Lij  05Mn2O4,  syn¬ 
thesized  by  either  a  slow-cooling  (SC)  or  quenching  (Q)  process.  The 
quenched  samples  are  electrochemically  different  from  the  slow-cooled 
samples  in  that  they  show  two  extra  peaks  at  3.3  and  4.5  V  in  their  cyclic 
voltammogram  [12].  Anodes  consisted  of  either  MCMB-2510  or  MCMB- 
2528,  a  disordered  carbon  and  graphitized  carbon,  respectively.  1-M  LiPFg 
in  2:1  v/v  EC:DMC  was  used  as  the  electrolyte.  Bellcore  PliON™  elec¬ 
trodes  [27]  were  prepared  and  used  in  either  Swagelok™-type  cells  or 
Bellcore  PliON™  cells.  Lithium  metal  reference  electrodes  were  mainly 
used  for  the  reference  electrode  work,  with  Li4+xTi5012  used  occasionally 
in  the  four-electrode  cells.  Cells  were  subjected  to  a  variety  of  cycling, 
power,  and  self-discharge  tests  at  rates  of  C/8  to  2C.  Most  cycling  was 
carried  out  at  the  C/5  rate. 

Cells  tested  with  current  interrupt  methods  (galvanic  intermittent  titra¬ 
tion  technique,  GITT)  revealed  that  even  in  fresh  cells,  the  spinel  cathode 
is  more  rate  limiting  than  the  carbon  anode.  When  a  cell  is  cycled  at  55  °C, 
the  cathode  polarization  increases  from  50  mV  for  a  fresh  cell  to  400  mV 
after  100  cycles.  The  anode  polarization  does  not  increase.  The  capacity  at 
C/5  fades  to  65  percent  of  its  initial  value  after  100  cycles  at  55  °C.  These 
experiments  point  to  the  spinel  as  the  source  of  poor  performance. 

Storage  of  Swagelok™-type  cells  in  the  discharged  state  at  55  °C  led  to 
losses  in  cell  capacity  as  high  as  20  percent  per  week.  Cathode  potentials 
dropped  to  3.0  V  (SC)  or  3.3  V  (Q)  upon  storage,  indicating  further  reduc¬ 
tion  of  the  spinel.  Anode  potentials  quickly  rose  to  >2.5  V  versus  Li°  upon 
storage,  and  when  anode  potentials  rose  to  >3.2  V,  the  battery  did  not 
recharge.  A  2-V  shift  in  the  lithium  reference  potential  was  found  to  occur 
quite  often  after  one  week  of  storage  at  55  °C,  with  manganese  found  on 
the  lithium  reference  electrode  and  carbon  anode  via  energy  dispersive 
spectroscopy  (EDS)  and  atomic  absorption  (AA)  spectroscopy.  Cells  that 
could  cycle  after  storage  showed  increased  polarization  in  both  the  anode 
and  cathode,  with  the  anode  polarization  growing  the  most.  Cathodes 


and  anodes  removed  from  poorly  cycling  cells  stored  for  one  week  at 
55  °C  were  placed  in  half  cells  versus  lithium.  The  cathodes  showed  a 
25-percent  capacity  loss  and  an  increased  polarization  from  fresh  elec¬ 
trodes.  The  anodes  could  not  sustain  capacity  until  washed  with  a  H202/ 
HNC>3/H20  solution,  whereupon  they  regained  normal  capacity  and  the 
ability  to  hold  that  capacity.  All  these  results  were  explained  as  the  conse¬ 
quences  of  manganese  dissolution  from  the  spinel: 

1.  Manganese  dissolution  leads  to  capacity  loss  in  the  spinel  via  loss  of 
manganese. 

2.  Manganese  poisoning  of  the  carbon  anode  results  in  an  inability  of  the 
carbon  anode  to  cycle  versus  lithium. 

3.  Manganese  poisoning  of  the  carbon  leads  to  an  increased  anode  polariza¬ 
tion,  even  after  treatment  with  a  peroxide/acid/water  etch. 

4.  Manganese  poisoning  of  the  lithium  reference  causes  a  2-V  shift  in  refer¬ 
ence  potential. 

The  increase  in  cathode  polarization  was  not  explained  in  terms  of  the 
manganese  dissolution. 

Bellcore  PliON™  cells  were  built  and  cycled  at  25  °C.  The  cathode 
showed  a  slight  increase  in  polarization  after  100  cycles.  Power  rate 
testing,  carried  out  on  these  plastic  cells  after  200  cycles,  demonstrated 
that  the  rate  capability  is  limited  by  the  spinel  cathode.  These  experi¬ 
ments  point  to  the  spinel  as  the  source  of  poor  performance. 

Storage  of  Bellcore  PliON™  cells  in  the  discharged  state  at  55  °C  led  to 
losses  in  cell  capacity  as  high  as  15  percent  per  week.  Cathode  potentials 
did  not  drop  as  before  to  3.0  V  (SC)  or  3.3  V  (Q),  but  remained  near  4  V. 
Anode  potentials  quickly  rose  to  >2.5  V  versus  Li°  upon  storage.  After¬ 
storage  cycling  revealed  that  cathode  polarization  increased  rapidly  from 
50  mV  initially  to  300  mV  after  four  weeks  at  55  °C.  Almost  no  change 
was  observed  in  the  anode  polarization  over  the  same  period.  A  2-V  shift 
in  the  lithium  reference  potential  was  quite  often  found  after  one  week  of 
storage  at  55  °C.  Manganese  was  found  on  the  lithium  reference  electrode, 
in  the  separator,  and  on  the  carbon  anode  by  EDX  after  storage.  These 
results  were  explained  as  another  consequence  of  manganese  dissolution 
from  the  spinel. 

5.  Manganese  dissolution  is  given  as  the  reason  for  increased  cathode 
polarization,  although  a  specific  mechanism  is  not  given. 

SC  and  Q  spinel  samples  were  stored  in  1-M  LiPF6  in  2:1  EC/DMC  at 
55  °C  for  one  to  two  months.  Through  A  A,  Mn  was  found  in  the 
supernant;  the  SC  sample  showed  more  Mn  dissolution  than  the  Q 
sample.  X-ray  diffraction  indicated  the  formation  of  a  defect  spinel,  with 
increased  Mn  valence  present  after  storage.  This  same  defect  spinel  was 
found  in  cells  stored  at  55  °C  for  two  weeks.  SEM  indicated  pitting  and 
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corrosion  of  spinel  particles  after  storage  at  55  °C.  Electrochemical  testing 
indicated  that  as  storage  at  55  °C  was  prolonged,  capacity  decreased  and 
polarization  increased,  although  fade  behavior  remained  excellent.  Again, 
these  results  were  explained  as  another  consequence  of  manganese 
dissolution  from  the  spinel. 

Manganese  dissolution  at  the  surface  of  a  normal  spinel  particle  causes 
the  transformation  of  the  outer  layers  into  a  defect  spinel.  This  surface 
material  is  suggested  to  have  low  ionic /electronic  conductivity  and  is 
responsible  for  the  polarization  seen  in  electrochemical  measurements. 

Blyr  et  al  [26]  proposed  a  chemical  pathway  to  account  for  the  observed 
manganese  dissolution  and  increased  cathode  polarization.  It  is  an  ion 
exchange  reaction  between  Mn+2  and  Li+  that  starts  at  the  surface  and 
proceeds  toward  the  core  of  the  particle: 

LiMn204  -  t/Mn+2  +  2yLi+  — >  Li1+2yMn2_y04  . 

One  Li+  replaces  a  Mn+2  at  a  16c?  site.  An  additional  Li+  moves  into  the 
spinel  structure  and  occupies  a  16c  site.  The  resulting  material  is  a 
lithium-inserted,  manganese-deficient  spinel,  with  excess  lithium  in  16c 
octahedral  sites.  The  excess  lithium  at  the  16c  sites  results  in  a  material 
with  a  3-V  potential,  but  increased  manganese  valence.  This  mechanism 
depends  on  the  presence  of  Mn+2  at  the  spinel  surface  that  can  be  ex¬ 
changed  for  Li+.  This  Mn+2  might  be  formed  as  a  result  of  acid  (HF)  in  the 
electrolyte  catalyzing  disproportionation  of  the  surface  Mn+3  into  Mn+2 
and  Mn+4. 

After  Storage 

Du  Pasquier  et  al  [28]  investigated  storage  of  Lq  g5Mn3  9g04  materials  as  a 
function  of  temperature,  electrolyte  composition,  and  spinel  surface  area. 
Spinels  with  surface  areas  ranging  from  0.6  to  0.8  m2/ g  were  synthesized 
when  Li2C03  was  reacted  with  EMD-Mn02  at  800  °C,  with  repeated 
grinding  and  annealing  followed  by  slow  cooling.  Spinels  with  larger 
surface  areas  of  5  to  6  m2/g  were  synthesized  with  LiN03  instead  of 
Li2C03  used  as  a  precursor.  Li4Mn5012  was  synthesized  from  LiN03  and 
y-Mn07  at  400  °C  [29].  A-Mn02  was  synthesized  by  acid  etch  [17]  or  by 
electrochemical  delithiation. 

Lq  05Mn1 9504  stability  was  measured  mainly  at  55  and  100  °C.  A  typical 
experiment  involved  mixing  0.5  g  of  LiMn204  powder  with  10  cm3  of  1-M 
LiPF6  in  1:1  w/w  EC:DMC  electrolyte.  Variations  on  this  experiment 
included  the  use  of  spinels  with  different  surface  areas  and  different 
electrolytes.  These  solutions  were  placed  in  either  foil  bags  or  Teflon™ 
bottles  sealed  in  foil  bags.  After  the  appropriate  time,  samples  were 
removed  from  their  packaging  in  a  drybox,  and  the  aged  spinel  was 
separated  from  the  electrolyte  by  centrifuge.  Electrochemical  measure¬ 
ments  were  conducted  on  Swagelok™-type  cells  and  Bellcore  PliON™ 
electrodes  with  1-M  LiPF6  in  1:1  w/w  EC:DMC  electrolyte. 


Manganese  dissolution  was  shown  to  increase  as  a  function  of  tempera¬ 
ture  with  as  much  as  15  percent  manganese  loss  after  24  hr  at  100  °C.  With 
the  dissolution  mechanism  operating  at  its  highest  rate  at  100  °C,  these 
samples  were  selected  for  further  characterization.  X-ray  diffraction 
indicated  that  extra  peaks  were  growing  during  storage.  These  extra 
peaks  were  identified  with  the  phases  Li2Mn03,  A-Mn02,  Li4Mn5012,  and 
Li2Mn409.  When  a  higher-surface-area  spinel  was  selected  for  100  °C 
storage,  the  transformation  of  LiL05MnL95O4  to  A-Mn02  was  unambigu¬ 
ously  indicated  by  x-ray  diffraction.  The  variation  in  manganese  and  HF 
contents  of  the  supernant  after  storage  indicates  that  manganese 
dissolution  increases  with  increasing  surface  area,  and  that  it  is  correlated 
to  HF  content — demonstrating  that  manganese  dissolution  is  induced  by 
acids. 

The  effect  of  electrolyte  on  manganese  dissolution  was  also  studied.  LiPF6 
gave  the  highest  manganese  dissolution,  with  LiBF4,  LiAsF6,  and  LiC104 
showing  lower  manganese  dissolution  in  EC:DMC  electrolytes.  Manga¬ 
nese  dissolution  was  also  lower  in  DEC-versus-EC-based  electrolytes. 

Infrared  spectra  of  aged  spinel  samples  washed  with  DMC  indicate  the 
presence  of  an  organic  layer  surrounding  the  particle.  The  exact  species 
making  up  this  layer  could  not  be  identified  and  varied  with  electrolyte 
salt.  Peak  frequencies  were  indicative  of  C=0,  C-O,  C-C,  Mn-O,  and  Li-O 
bonds,  as  well  as  CH2  and  CH3  groups. 

Thermogravimetric  analysis  (TGA)  measurements  on  aged  samples 
indicated  C02  release  at  140  °C  and  02  release  at  500  °C.  The  C02  is  from 
the  burning  of  the  organic  coating,  and  the  02  release  is  from  the  reaction 

Mn204  — >  Mn203  +1/2  02  , 
or 

LiAMn204  -»  (1  -  x)  Mn2Os  +  (1  -  x)/2  02  +  *LiMn204  . 

The  oxygen  loss  is  mainly  seen  in  the  LiPF6  electrolytes,  showing  that 
A-Mn02  phase  formation  occurs  more  rapidly  in  this  electrolyte  than  in 
the  others  studied. 

A  surface  layer  was  observed  from  SEM  measurements.  The  morphology 
of  the  spinel  particles  did  not  appear  to  change  after  8  hr  of  aging,  which 
discounted  the  possibility  of  a  dissolution-recrystallization  mechanism 
for  A-Mn02  phase  formation.  The  passivation  layer  was  suggested  to  be 
the  source  of  polarization  observed  in  Li/LiMn904  cells.  Water  removed 
this  surface  layer,  and  subsequently  the  IR  peaks  and  C02  formation 
disappeared  on  heating.  Gravimetric  determinations  before  and  after 
washing  indicated  that  this  passivation  layer  grew  linearly  with  time.  The 
passivating  layer  was  also  found  to  contain  manganese  and  lithium;  it 
was  particularly  rich  in  lithium. 
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Washed  samples  were  analyzed  with  Fourier  transform  infrared  spectros¬ 
copy  (FTIR)  and  found  to  contain  absorption  bands  ascribed  by 
Ammundsen  et  al  [30,31]  to  lattice  hydroxyl  groups  in  manganese- 
deficient  spinels  of  the  general  formula  H2Mn2_y04.  Du  Pasquier  et  al 
concluded  that  aging  spinel  in  electrolyte  at  elevated  temperature  results 
in  the  formation  of  a  protonated  A-Mn02  phase  covered  with  an  organic 
passivating  layer. 

Electrochemical  measurements  were  carried  out  on  aged  samples,  either 
unwashed  or  washed  with  water.  The  initial  open-circuit  voltage  in¬ 
creased  from  3.8  to  4.2  V  with  storage  time  at  100  °C  in  the  electrolyte.  For 
the  unwashed  samples,  a  large  polarization  increase  was  observed  with 
increasing  storage  time.  The  same  effect,  to  a  much  smaller  degree,  was 
observed  for  the  washed  samples.  For  samples  stored  1  to  2  hr  and 
washed,  almost  all  the  capacity  was  recovered.  For  samples  stored  longer 
than  this,  permanent  capacity  loss  was  observed,  along  with  modification 
of  the  voltage  profile.  This  is  indicative  of  a  structural  change  and  proto¬ 
nation  of  the  structure  to  form  HzMn2_y04-type  materials.  The  presence 
of  HzMn2_l04  materials  is  significant,  as  these  materials  show  lower 
capacity  with  respect  to  lithium  insertion  than  A-Mn02,  due  to  the  strong 
bonding  between  protons  and  the  16 d  manganese  vacancies. 

Similar  results  to  the  ones  reported  above  were  found  for  the  electro- 
chemically  delithiated  spinel,  with  solvent  oxidation  that  was  more 
pronounced  due  to  the  highly  oxidizing  nature  of  A-Mn02. 

Du  Pasquier  et  al  then  proposed  a  fairly  complete  mechanism  to  account 
for  capacity  loss  and  rate  capability  loss  on  storage: 


LiMn204  -  yMn+2  +  2yLi+  Li1+2yMn2_J/04 

Sg  WA  +  Li* 

Ff,Mn2_y04  +Li  eledroclmnical  reduction  ^  Hz_tLirMn2_J/04 


Step  1 
Step  2 
Step  3 


Step  1.  Spinel  undergoes  cation  exchange  of  Mn+2  for  Li+  in  acidic  media. 
The  mechanism  creating  Mn+2  is  not  specified,  but  is  catalyzed  by  traces 
of  acid. 

Step  2.  Manganese-deficient  spinel  undergoes  proton  exchange  in  the 
presence  of  H+  from  electrolyte  oxidation,  creating  a  protonated  1-Mn02- 
type  phase  with  a  passivating  film  containing  organic  oxidation  products, 
lithium,  and  manganese. 

Step  3.  Partial  lithium  intercalation  of  the  protonated  phase. 

(The  loss  in  rate  capability  results,  therefore,  from  the  formation  of  a 
passivating  film  on  the  spinel  particle.) 


4.  Summary 


A  review  of  the  literature  suggests  that  loss  in  rate  capability  occurs  in 
LiMn204/ carbon  cells  as  the  result  of  several  factors,  all  related  to  manga¬ 
nese  dissolution: 

•  Manganese  dissolution  results  in  a  loss  of  spinel  particle  contact  and 
electrode  polarization. 

•  Manganese  dissolution  at  the  surface  of  a  normal  spinel  particle  causes 
the  transformation  of  the  outer  layers  into  a  defect  spinel.  This  surface 
material  is  suggested  to  have  low  ionic/ electronic  conductivity  and  is 
responsible  for  the  polarization  seen  in  electrochemical  measurements. 

•  Manganese  dissolution  leads  to  the  formation  of  a  highly  oxidizing, 
manganese-deficient  material  that  further  reacts  with  the  electrolyte 
solvent  and  results  in  the  formation  of  a  rate-limiting,  lithium-rich  or¬ 
ganic  film. 

•  Manganese  dissolution  results  in  poisoning  of  the  carbon  anode  and  loss 
of  its  ability  to  cycle  lithium. 
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5.  Improving  Rate  Capability  After  Storage  and  During 
Cycling 

Several  solutions  have  been  suggested  to  improve  storage  and  cycling 
performance  at  elevated  temperatures  in  the  spinel/ carbon  lithium-ion 
battery: 

•  Decreasing  manganese  dissolution  through  modification  of  bulk  proper¬ 
ties  and  surface  treatments. 

•  Increasing  electrolyte  stability  to  decrease  acidification  during  storage 
and  cycling. 

•  Removal  of  water  and  the  use  of  chemical  additives  to  trap  protons. 
Several  of  these  proposed  solutions  are  discussed  in  detail  in  this  section. 

5.1  Reduced  Surface  Area 

The  dissolution  of  manganese  is  said  to  occur  at  the  surface  of  the  spinel 
particle,  as  a  result  of  attack  from  acids  in  the  electrolyte.  Reduction  of  the 
spinel  surface  area  should  therefore  reduce  manganese  dissolution.  Sev¬ 
eral  researchers  [20,25]  have  demonstrated  the  effect  of  surface  area 
on  manganese  dissolution.  The  lowest  surface  areas  reported,  0.5  to 
0.6  m2/g,  give  the  slowest  manganese  dissolution  rates.  This  approach 
works  to  a  point,  beyond  which  reduction  in  surface  area  begins  to  affect 
rate  capability  due  to  diffusion  limitations. 

5.2  Surface  Treatments 

Amatucci  et  al  [32]  demonstrated  the  effectiveness  of  spinel  surface 
treatments  for  reducing  irreversible  capacity  loss.  Several  approaches 
were  taken  to  modify  the  interface  between  the  spinel  particle  and  the 
electrolyte.  The  first  was  the  coating  of  spinel  particulates  with  a  lithium 
boron  oxide  glass.  The  second  was  the  complexation  of  surface  manga¬ 
nese  by  acetylacetone. 

Lithium  boron  oxide  glasses  were  chosen  for  use  as  a  coating  because  of 
their  wettability  toward  the  spinel  and  stability  at  high  voltages,  and 
because  they  are  good  solid  ionic  conductors.  Q5Mn1  9504  was  used  as 
the  base  material  onto  which  the  glass  was  coated.  The  coatings  were 
applied  with  either  powder-coating  or  solution-evaporation  techniques. 
The  coated  precursor  materials  were  heated  to  600  or  800  °C  and  slow- 
cooled  to  form  the  final  product  for  testing.  This  coating  resulted  in 

no  change  in  the  spinel  a  lattice  parameter  up  to  a  0.6  wt%  coating, 

reduced  catalytic  activity  toward  oxidation  of  CO, 

reduction  in  surface  area  from  0.7  to  0.2  m2/ g  at  0.6  wt%  coating,  and 
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•  reduced  capacity  loss  on  55  °C  storage,  even  in  the  presence  of  500-ppm 
water  spiked  into  the  electrolyte. 

The  effectiveness  of  the  lithium  borate  glass  treatment  was  not  directly 
tied  to  manganese  dissolution  through  measurements  of  manganese  in 
the  solution.  The  improvement  in  55  °C  storage  performance  was  said  to 
result  from  either  lowered  surface  area  or  lowered  activity  toward  electro¬ 
lyte  oxidation. 

Acetylacetone  (a  well-known  chelating  agent)  is  used  to  remove  active 
manganese  sites  from  the  surface  of  spinel  particles.  Li1 05Mn.[  9504  was 
stirred  in  acetylacetone  for  various  amounts  of  time,  washed  with 
acetone,  and  heated  to  800  °C,  followed  by  slow  cooling.  The  treatment 
resulted  in  removal  of  manganese  from  the  spinel  as  monitored  by  AA. 
The  final  coating  resulted  in 

•  reduced  catalytic  activity  toward  the  oxidation  of  CO, 

•  reduction  in  surface  area  from  0.7  to  0.5  m2/ g  after  24  hr  of  treatment,  and 

•  reduced  capacity  loss  on  55  °C  storage. 

Amatucci  et  al  proposed  that  the  improvement  in  55  °C  storage  perform¬ 
ance  resulted  from  the  formation  of  a  manganese-deficient  material, 
possibly  Li2Mn03,  at  the  surface  of  the  spinel  due  to  manganese  removal 
by  acetylacetone.  This  would  result  in  a  surface  layer  containing  only 
Mn+4,  which  is  more  resistant  to  dissolution.  This  would  be  consistent 
with  the  results  of  Yamamoto  et  al  [33]. 

5.3  Trapping  HF/Water  Removal 

Several  researchers  [21,32]  have  demonstrated  the  effect  of  water  contami¬ 
nation  on  manganese  dissolution  in  spinel  lithium-ion  batteries.  Water  is 
removed  by  drying  of  the  electrolyte  solvents,  salts,  and  cell  components. 
Unfortunately,  the  most  often  used  salt  (LiPF6)  in  lithium-ion  batteries 
always  has  traces  of  HF  from  the  manufacturer. 

Materials  such  as  Li2C03  can  trap  acid  present  in  the  lithium-ion  battery: 
Li2C03  +  2HF  -»  2LiF  +  H2C03  ->  2LiF  +  H20  +  C02  . 

This  material  is  not  very  useful  in  practice — because  it  produces  H2C03, 
which  decomposes  to  C02  and  water,  which  then  reacts  with  LiPF6 — but 
it  does  demonstrate  the  concept  of  proton  trapping. 
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6.  Conclusions 

Loss  in  rate  capability  occurs  during  cycling  and  in  storage  in  both  the 
charged  and  discharged  states.  This  loss  in  rate  capability  is  the  result  of 
manganese  dissolution,  which  leads  to  the  following  effects: 

•  loss  of  spinel  particle  contact, 

•  transformation  of  the  spinel  surface  to  a  material  with  low  ionic/ 
electronic  conductivity, 

•  formation  of  a  highly  oxidizing  manganese-deficient  material  that  reacts 
with  the  electrolyte  solvent  and  results  in  the  formation  of  a  rate-limiting, 
lithium-rich  organic  film,  and 

•  passivation  of  the  carbon  anode  by  manganese. 

Manganese  dissolution  can  be  reduced  through 

•  modification  of  bulk  properties  and  surface  treatments, 

•  increase  in  electrolyte  stability,  and 

•  removal  of  water  and  the  use  of  additives  to  trap  protons. 

Further  research  is  needed  to  reduce  manganese  dissolution  in  LiMn204. 
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